ABSTRACT
MATERIALS AND METHODS
Poly(lactic acid) resin, commercial grade 4042D, was supplied by NatureWorks® LCC, Minnesota USA. Epoxidized palm oil (pH value of about 5 -6) was supplied by Malaysian Palm Oil Board (MPOB, Malaysia). The acid value and viscosity at 25 o C of the EPO was 0.09 mg KOH g -1 and 70.7 cP, respectively. Graphene nanoplatelets, trade name xGnP ® , was supplied by XG sciences Inc, Michigan. Each particle consists of several sheet of graphene with an average thickness of approximately 6-8 nanometers, average diameter of 15 microns.
Preparation of PLA/EPO/xGnP nanocomposites
The PLA/EPO/xGnP nanocomposites were melted and blended by Brabender internal mixer with 25 rpm of the rotor speed, at 160 o C for 10 min. EPO was used as plasticizer to PLA. The weight ratio of PLA to EPO studied is fixed at 95/5. The EPO plasticized PLA was labeled as p-PLA throughout this study. The xGnP content was varied between 0.1 wt% to 1.0 wt%. The composites obtained were then molded into sheets of 1 mm in thickness by hot pressing at 160 o C for 10 min at the pressure of 110 kg/cm 2 , followed by cooling to room temperature. The sheets were used for further characterization.
Characterizations
Tensile properties test were carried out by using Instron 4302 series IX (Buckinghamshire, UK) attached with 1.0 kN load cell at room temperature with constant crosshead speed of 10 mm/min. The samples were cut into dumbbell shape according to ASTM D638 (type V) standard. X-ray diffraction (XRD) measurement was carried out using Shimadzu XRD 6000 Xray diffractometer (Tokyo, Japan) with CuK α radiation (λ=1.542 Å) operated at 30 kV and 30 mA. Data were recorded in 2θ range of 2 o -10 o at the scan rate of 2 o /min. Differential Scanning calorimetry (DSC) analysis was performed using a Perkin Elmer DSC 7 (Waltham, MA, USA) to study the nonisothermal crystallization kinetics. Thermogravimetric analysis (TGA) was carried out using a Perkin Elmer Pyris 7 TGA (Waltham, MA, USA) analyzer with scan range from 35 o to 800 o at a constant heating rate of 10 o C/min and continuous nitrogen flow. The morphological observations of the prepared nanocomposite was made by Scanning Electron Microscopy (SEM), JEOL JSM-6400 (Tokyo, Japan) and Transmission Electron Microscope (TEM), Hitachi H7100 (Tokyo, Japan). 
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RESULTS AND DISCUSSION
X-ray diffraction (XRD)
XRD is an effective method to determine the existence of xGnP as individual graphene sheets in the nanocomposites. Figure 1 shows the XRD patterns of as-received xGnP, p-PLA and p-PLA nanocomposite with various xGnP loading. The xGnP exhibits an intense peak at 2θ value of ~26.4°, assigned to the stacking of the single graphene layers at a distance of 0.34 nm [24] . There is no other peak observed for xGnP. Alternatively, the XRD patterns of p-PLA and p-PLA with various xGnP loadings exhibit an initial broad characteristic peak of PLA matrix at 2θ = ~16°. Notice that, there was no xGnP's peak observed for p-PLA/0.1 wt% which may be due to the low amount of ordered layer structure of xGnP. The disappearance of peak may also be due to the exfoliation and random distribution of the platelets within the polymer matrices at low loading of xGnP [25] .
A small peak around 26.5° which corresponds to characteristic peak of xGnP start emerges at 0.3 wt% xGnP loading in p-PLA nanocomposites, showing that the graphene layer is unable to disperse or completely separate and some sheets are still present in stacks form. The intensity of this peak increases as the xGnP loading increases. The increased intensity recorded at higher xGnP loading could be attributed to the higher number of graphene layers organized in stacks. Similar result has been previously reported and the peak observed of reduced intensity was associated to a lower number of graphene stacks [26] . 
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Tensile Properties
Tensile properties of the p-PLA/xGnP nanocomposites containing various xGnP contents were examined at room temperature. The effect of xGnP loading on tensile strength of p-PLA composites is depicted in Figure 2 (a). The aim of incorporating xGnP into the polymer matrix is to improve its mechanical properties. The homogeneity of composites, orientation of the reinforcements and the strong interfacial interaction between xGnP and the polymer matrix should have a significant effect on the mechanical properties.
Pristine PLA and plasticized PLA (p-PLA) shows tensile strength of 57.9 MPa and 32.5 MPa, respectively. Tensile strength of p-PLA increased as xGnP loading increases and attains the highest value (41.1 MPa) at 0.3 wt% xGnP loading. At 0.1 wt% of xGnP loading, the reinforcement effect is limited due to the density of filler is not high enough to form a percolated network. As illustrated in Figure 3(a) , even complete randomization of the xGnP at very low concentration (0.1 wt%) will not result in graphene contact since their spheres of rotation will not intersect. For 0.3 wt% xGnP loading, the xGnP dispersion and distribution started to improve when the xGnP concentration becomes greater. Therefore, the tensile results imply better strength compared to 0.1 wt% xGnP loading. There is xGnP-xGnP and xGnP-matrix interaction as a result of the percolated network formed (Figure 3(b) ). Further increase of xGnP loading, decreases the tensile strength. In the concentrated regime of xGnP (>0.5 wt%), reorientation cannot be achieved due to excluded volume interactions between nanoplatelets (Figure 3(c) ). When the amount of xGnP reaches a critical content (0.3 wt%) and the distance between two xGnP is so small that they may be apt to stack together easily due to Van der Waals forces [27] , thus it decreases in tensile strength. The reason for this may be attributed to a large aspect ratio of the rigid filler and the interaction between xGnP and the matrix, which restricts the movement of the polymer chains [27] . The trend of the elongation at break is the inverse of the tensile modulus. From the mechanical tensile test, it can be concluded that there is presence of a critical amount of xGnP loading on the mechanical properties. The critical amount of xGnP loading is 0.3 wt%. At this critical amount, the xGnP is well dispersed in the polymer matrix and brings about significant improvement to the mechanical properties, while further addition of xGnP may result in stacking of the nanoplatelets, lowering the efficiency of the mechanical improvement.
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Differential Scanning Calorimetry (DSC)
Differential Scanning Calorimetry (DSC) measures the amount of heat energy absorbed or released when the material is heated or cooled. For polymeric materials, which undergo important property changes near thermal transition, DSC is a very useful technique to study thermal behavior such as glass transition temperature (T g ), cold crystallization temperature (T cc ), and melting temperature (T m ). Figure 4 shows the DSC curves of p-PLA and its nanocomposites. Table 1 The addition of nanofiller in semi-crystalline polymers was found, in general, not to affect considerably the crystallinity of the resulting nanocomposite materials, even though there may be some changes in particular nanocomposite systems [28] . Since PLA is a semicrystalline polymer, its mechanical properties should strongly depend on its crystallinity. Therefore, to confirm the influence of incorporating xGnP into p-PLA on the mechanical enhancement of the composites, DSC is employed to measure the crystallinity difference between p-PLA and p-PLA/xGnP nanocomposites. The crystallinity (X c ) in samples were calculated as follows: is the measured heat of fusion, is the heat of cold crystallization, is the PLA content in the composites and is melting enthalpy of the 100 % PLA (93.6 J/g). As shown in Table 1 , the crystallinity of p-PLA nanocomposites showed insignificant changes after adding the xGnP, which corresponds well with the XRD results. The changes of PLA crystallinity is at minimum level that it cannot induce a significant impact on the mechanical properties of the composites. Therefore, the significant reinforcement of the strength and modulus for p-PLA nanocomposites can be mostly attributed to the homogeneous dispersion of xGnP in the polymer matrix and strong interactions between both components [29] .
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On the other hand, the T g was found to be affected by the incorporation of the nanofillers. There were no significant changes of T cc and T m of p-PLA upon addition of xGnP. However, there was a significant decrease in T g of p-PLA filled with xGnP up to 0.3 wt%. For example, the T g of p-PLA/0.3 wt% xGnP decreases from 62.62 o C to 58.40 o C. This result correlates well with the tensile result which showed the increase of elongation at break of the nanocomposite. In previous study by Silverajah et al. [10] , the plasticizer EPO does enhance the molecular motions of PLA chains, manifested by decrease of T g . Moreover, incorporation of xGnP into EPO plasticized PLA further decreases T g of their nanocomposites. Thus, addition of both nanofiller and plasticizer allowed obtaining a material with lower glass transition temperature and a melting point similar with respect to pristine PLA. On the other hand, the T g tend to increase at higher xGnP loading (above 0.3 wt%). This may be due to the inability of plasticizer EPO to interact with PLA as it intercalated into interlayer spacing of xGnP. This brings the decrease of plasticization effect to PLA.
Thermogravimetric Analysis (TGA)
Thermal properties of p-PLA and its nanocomposites were investigated by thermogravimetric analysis (TGA). The integral (TG) and derivative (DTG) thermogravimetric curves provide information about the nature and extent of degradation of the polymeric materials. Generally, the incorporation of xGnP into p-PLA is to enhance thermal stability by acting as a superior insulator and mass transport barrier to the volatile products generated during decomposition. Many researchers also have demonstrated that the incorporation of graphenes could enhance the thermal stability of PLA at extremely low loading contents [30, 31] . The TG and DTG thermograms of p-PLA and p-PLA nanocomposites are given in Figure 5 . Table 2 shows T 5 , T 50 , T 95 and T max of p-PLA and p-PLA nanocomposites. T 5 , T 50 and T 95 refer to the temperature at which the remained mass of the materials is 5 %, 50 % and 95 %, respectively. On the other hand, T max represent maximum decomposition temperature.
Plasticized PLA reinforced with xGnP showed that increasing the filler content triggers a substantial increase in thermal stability. At low filler content, the amount of xGnP might not be sufficient to promote any significant improvement of the thermal stability. However, increasing the xGnP content increases the thermal stability of the nanocomposites. For example, a significant shift from 326. 
Morphology
The fracture surface of the nanocomposites was examined by Scanning Electron Microscope (SEM) and Transmission Electron Microscope (TEM) to study the morphology of the nanocomposite. Figure 6 (a) and 6(b) show SEM and TEM micrographs of fracture surface of p-PLA/0.3wt% xGnP, respectively. As shown in Figure 6 (a), the dark background represents the PLA polymer matrix while bright areas represent xGnP sheets (as shown by the arrow) distributed in the polymer matrix. The conducting xGnP and the insulating polymer matrix resulted in the contrast between xGnP network and polymer matrix. The p-PLA/0.3 wt% xGnP nanocomposite showed homogenous and good uniformity. Good uniformity of composites indicates good degree of dispersion of the nanofiller and therefore results in better tensile strength. p-PLA/0.3 wt% xGnP also exhibit a strong stretching effect conforming to the high elongation at break during tensile testing. This agrees with the elongation at break result which gives the highest values (183.7%). The TEM micrograph of PLA/EPO/xGnP shows that the xGnP was uniformly dispersed in the PLA matrix and no obvious aggregation was observed. 
